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bstract
Polymer science is, of course, driven by the desire to produce new materials for new applications. The success of materials such
s polyethylene, polypropylene, poly(vinyl chloride) and polystyrene is such that these materials are manufactured on a huge scale
nd are indeed ubiquitous.
It is widely recognized that ultraviolet rays (UVR) in sunlight (wavelengths between 280 nm and 400 nm) is an important factor
ausing photodegradation to some organic substances such as polymers.
UV radiation causes photooxidative degradation which results in breaking of the polymer chains, produces free radical and reduces
he molecular weight, causing deterioration of mechanical properties and leading to useless materials, after an unpredictable time.
In order to protect against the damaging effects of UVR on polymers, addition of UV light absorbers, excited state quenchers,
indered amine light stabilizers (HALS), hydroperoxide decomposers, radical scavengers, pigments, fillers and antioxidants are an
ffective and convenient solution in practice.
This review highlights the thermal and photodegradation of poly(vinyl chloride), the sites for initiation of the thermal degradation,
he mechanism of the photodegradation, the discoloration of PVC by heat and light and the influence of stabilizers on the rate of
egradation.
 2014 Taibah University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1.  Introduction
All commercial organic polymers will degrade in air
when exposed to sunlight, although there is a very wide
range of photo-oxidative susceptibilities. It is usually the
absorption of near ultraviolet (UV) wavelengths which
leads to bond-breaking reactions and the concomitant
loss of useful physical properties and/or discoloration
[1].
Exposure to sunlight can have adverse effects on
the useful great interest of plastic products. Ultravio-
let (UV) radiation can break down the chemical bonds
in a polymer. Photo-degradation causes cracking, chalk-
ing, color changes and the loss of physical properties
[2,3].
Poly(vinyl chloride) is one of the most extensive ther-
moplastic materials in the world due to its valuable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
properties, wide applications, high chemical resistance,
barrier properties and low cost [4].
During processing, storage and utilization, PVC
degrades as it is exposed to high temperatures, high
mechanical stresses or ultraviolet light, all in the pres-
ence of oxygen. Degradation of the polymer occurs
by successive elimination of hydrogen chloride (HCl),
which is called dehydrochlorination, yielding long
polyenes, which are consequently causing discoloration,
deterioration of the mechanical properties and a lowering
of the chemical resistance [5].
There is a great interest at present in the photo-
oxidative degradation of polymeric materials because
macromolecules have increasingly widespread commer-
cial applications [6].
Almost all synthetic polymers require stabilization
against the adverse effect, with the development of
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ynthetic resins, it became necessary to look for ways and
eans to prevent or at least reduce the damage caused
y the environmental parameters, light, air and heat. This
an be achieved through addition of special chemicals,
ight stabilizers or UV stabilizers, that have to be adjusted
o the nature of the resin and the specific application
onsidered [7–9].
The photostabilization of polymers may be achieved
n many ways. The following stabilizing systems have
een developed, which depend on the action of stabilizer:
a) light screeners, (b) UV absorbers, (c) excited state
uenchers, (d) peroxide decomposers and (e) free radical
cavengers, of these it is generally believed that types
c–e) are the most effective [10].
.  Poly(vinyl  chloride)
Poly(vinyl chloride), better known by its abbrevia-
ion PVC, is one of the most versatile plastics [11],
ig. 1. It is the second largest manufactured resin by
olume worldwide [12]. Poly(vinyl chloride) is second
nly to polyethylene among the five kinds of general
lastic materials, which was widely used in industries
ncluding architecture, electronic, chemical engineering,
ackaging, transportation [13–15].
Cl Cl Cl 
H H 
H H H H
H H H 
Cl H Cl 
H H
H Cl H Cl
H H H
Cl Cl H 
H H 
H H Cl H
H H H 
Isotac tic PV
Syndio tactic  P
Atact ic PV
Fig. 2. Regular arrangFig. 1. Repeat-unit (PVC polymer).
3.  The  origin  of  PVC  and  its  subsequent
development
The polymerization of vinyl chloride monomer
(VCM) is known since 1872. Baumann was the first who
produced poly(vinyl chloride) by accident. He exposed
VCM to sunlight and obtained a white solid material
that could be heated up to 130 ◦C without decomposition
[16]. Poly(vinyl chloride) has been produced commer-
cially for 50 years. It was first produced in Germany and
USA in the early 1930s (introduced in small quantities
in different types of products), but its extensive use did
not start until the 1939–1945 War when mixtures with
certain organic liquids (plasticizers) producing a flexible
material found wide application as a rubber substitute,
Cl Cl Cl
H H H
 H H
H H
H Cl H
H H H
 H Cl
H H
Cl H H
H H H
 Cl Cl
H H
C
VC
C
ement of PVC.
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I 2R
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n
vinyl chlorid e
Poly meri zatio n
C C
H
H
H
Cl n
n a very la rge int ege r=Fig. 3. VC
particularly in those countries denied access to natural
rubber supplies [17]. The production and use of rigid
PVC increased dramatically in the early sixties.
4.  Stereo  regularity  of  poly(vinyl  chloride)
Stereo regularity (tacticity) refers to spatial isomerism
in vinyl polymers and describes the arrangement of side
groups around the asymmetric segment of vinyl-type
repeat units, ( CH2 CHR ). Consequently, three dif-
ferent forms of polymer chain results in thermoplastics:
atactic, isotactic and syndiotactic [18]. Fig. 2 shows the
regular arrangement of the side group Cl in PVC poly-
mer: in isotactic form all side groups on the same side of
the polymer chain and in syndiotactic form side groups
alternate regularly on either side of the chain. Atactic
form describes the random attachment of the side groups
about the back-bone chain.
5.  Production  of  poly(vinyl  chloride)
PVC is manufactured by three different processes:
suspension, bulk or mass and emulsion polymerization.
The suspension process, however, embraces 80% of all
commercial productions of PVC [19]. Polymerization of
VCM occurs according to a free radical addition process,
which includes initiation, propagation, chain transfer to
monomer and bimolecular termination steps [20], Fig. 3.
The overall reaction describing the PVC polymeriza-
tion was shown in Fig. 4.Poly(vin yl chloride) or PVC
Fig. 4. PVC formation.
6.  Uses  of  poly(vinyl  chloride)
The low production costs and the great versatility
of vinyl chloride polymers are the two major reasons
for their large share on the plastic market [21], which
was widely used in industries including architecture,
electronic, chemical engineering, packaging, transporta-
tion [22]. The good performance of poly(vinyl chloride)
products have increased the utilization of this polymer in
building, mainly in exterior applications, such as window
profiles, cladding structure and siding [15]. The polymer
can be converted into many different products exhibiting
an extremely wide range of properties both physical and
chemical by using modifying agents, such as plasticizers,
fillers and stabilizers [21]. The products can range from
a flexible garden hose to a rigid drainpipe, from flexible
sheets for raincoats to rigid sheets for packing, from soft
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10.  Thermal  degradation  of  poly(vinyl  chloride)Fig. 5. World consumption of poly(vinyl chloride) in 2007.
oys to upholstery. Eventually, PVC compositions have
ucceeded in displacing materials such as rubber, metals,
ood, leather, textiles, conventional paints and coatings,
eramics, glass.
In North America, PVC is mainly used for pipes and
idings, while in Europe and Asia, most use is for pipes
nd window frames. Builders in Japan have begun to
se more PVC windows, in part because of their superior
nsulating properties to reduce heating and cooling costs.
emand is growing strongly in China for construction
aterials as well as consumer goods. Flexible PVC is
sed for film and sheet, wire and cable insulation, floor
overings, synthetic leather products, coatings and many
ther consumer goods.
.  World  consumption  of  poly(vinyl  chloride)
PVC is a global product, manufactured by over 100
ompanies in approximately fifty countries. Practically
ll incremental capacity during 2005–2008 was installed
n China, and to a lesser extent, India and the Middle East.
orldwide PVC consumption is represented by regions
n Fig. 5.
Demand for flexible PVC has declined in the indus-
rialized world, but continues to rise in certain countries
uch as China and India [23]. The projected consumption
f PVC in the near future (1998–2010) is much higher in
he developing world and in countries in transition. Esti-
ated demand for Asia alone is more than that for the
SA, Canada and the European Community combined
24]. However, strong Chinese demand has been accom-
anied by the rapidly expanding construction of local
VC production sites. In 2007, China already accounted
or over 30% of the world’s PVC production capacity
f approximately 41 million t. At a total demand of 7.8
illion t of PVC in 2007 – and an average annual growthersity for Science 9 (2015) 421–448 425
rate of 4.9% from 2004 through 2007 – Europe (incl. the
CIS nations) consumes approximately 22% of the world-
wide quantity of PVC and is thus the third largest regional
market after America and Northeast Asia. The decisive
force behind this has been strong demand in Central
and Eastern Europe. Russia’s consumption alone grew
by double-digits. But even in the mature Western Euro-
pean market, an average annual growth of 2.8% could
be chalked up from 2004 through 2007.
8.  Aging  of  poly(vinyl  chloride)
Aging of poly(vinyl chloride) during processing and
exploitation is the subject of numerous investigations.
Usually, most investigations are devoted to the study of
dehydrochlorination of a pure polymer in an inert atmo-
sphere. PVC is most often used as a plasticate in practice
(i.e., mixed with plasticizers), the amount of which may
reach 70% of the total mass. All this makes the problem
of PVC aging an extremely complex event and requires
consideration of all processes proceeding under natu-
ral conditions of processing and exploitation [25]. In the
general case, the following processes can proceed during
PVC-plasticate aging:
• PVC dehydrochlorination.
• Thermooxidative degradation of PVC and plasticiz-
ers.
• Cross-linking.
9.  Main  problem  of  poly(vinyl  chloride)
The low cost and excellent performance of poly(vinyl
chloride) make it a very attractive and suitable plastic
for a wide variety of applications. However, PVC suf-
fers from poor thermal and light stability. It undergoes
rapid autocatalytic dehydrochlorination upon exposure
to heat and light during its molding and use, respectively
[26,27]. As a result, conjugated polyene sequences are
formed from the beginning of the reaction, and they give
rise to discoloration of the polymer and seriously change
its physical properties [28]. Degradation also causes a
drastic change in the mechanical properties of the poly-
mer, which is accompanied by a decrease or increase
in its average molecular weight as a result of either
chain scission or crosslinking of the polymer molecules,
respectively [29].Poly(vinyl chloride) decomposes at a tempera-
ture lower than its processing temperature [30]. The
426 E. Yousif, A. Hasan / Journal of Taibah University for Science 9 (2015) 421–448
VCM
MB
1,2-Cl-shift
VCM etc.
CH2-CH=CH-CH2Cl + ClH2C-CHCl
VCM etc.
VCM
CH2-CH-CHC l-CH2Cl CH2-CH-CH2-CHCl
CHCl-C H2Cl
EB
.cteMCVMCV
2nd Cl-shift
CH-C H
VCM etc.
VCM
CH2CHC l
head-to-head
VCM
CH2CHCl-C lHC-C H2
CH2CHC l-CH-C H2Cl CHC l-CH-CH2CHC l
CH2Cl
CH2CHCl
CH2CHCl
CH2CHC l
head adCH2-CH=
Fig. 6. Chemical consequences of head-to-
ideal structure of PVC is a linear structure formed
by head to tail addition of monomer molecules to
the growing polymer chain [31]. Thermo gravimet-
ric analysis on low molecular model compounds
such as 2,4,6-trichloroheptane, 2-chloropropane and
2,4-dichloropentane, corresponding to the regular head-
to-tail structure of PVC containing secondary chlorines
only, shows that these model compounds are stable
up to at least 200–300 ◦C. Commercially available
PVC, on the other hand, would already degrade around
120 ◦C, if it were not stabilized before processing
[32–34].
11.  The  causes  for  the  low  thermal  stability  of
PVC
The main problem around PVC is its low ther-
mal stability caused by the presence of defects in the
molecular structure. Various defect sites in the polymer
chain are thought to be responsible for this instabil-
ity. Possible defect structures in PVC chains are allylic
chlorine [35,36], tertiary hydrogen and chlorine atoms
[37,38], end groups such as double bonds [39–41],
oxygen-containing groups, peroxide residues [42,43],
and head-to-head structures [44]. In addition to these
abnormalities, the steric order of the monomer units
(tacticity) may have some influence on the degrada-
tion [45,46]. Some of them seem to affect the thermal
stability while others are completely harmless. The fre-
quently occurring branches and the most important types
of branches concerning the thermal stability of PVC are
described below:2Cl + ClH2C-CHC l CH2CHCl
dition during the polymerization of VCM.
•  Chloromethyl (MB) [47–49] and 1,2-dichloroethyl
branches (EB) [50], result from one or two successive
1,2-Cl shifts respectively, followed by regular chain
growth as is shown in Fig. 6.
• The 2,4-dichloro-n-butyl branch (BB) is formed via a
1,5-backbiting mechanism [51], Fig. 7.
• Long chain branching (LCB), results from hydrogen
abstraction, from a chloromethylene or a methylene
unit of a polymer chain, by a growing macroradical or
possibly a chlorine atom [37,52], Fig. 8.
• Diethyl branches (DEB) [53,54], seem also to be
present in PVC fractions produced at very high VCM
conversions and therefore when monomer supply is
almost exhausted, Fig. 9.
• Oxygenated structures, Fig. 10.
12.  Thermooxidative  degradation  of  poly(vinyl
chloride)
The following processes proceed during thermoox-
idative PVC degradation [55]:
• Oxygen absorption.
• Hydrogen chloride extraction.
• Extraction of various volatile products.
• Decrease of mass and molecular mass of the polymer.
13.  Chemical  degradation  of  poly(vinyl  chloride)Many factors, such as temperature, humidity and solar
radiation cause degradation in polymers [56]. Plastic
materials when exposed to sunlight slowly loose their
physical and mechanical properties due to degradation
E. Yousif, A. Hasan / Journal of Taibah University for Science 9 (2015) 421–448 427
CH2-CHCl-CH2-CHCl-CH2-CHCl CH2-CCl-CH2-CHCl-CH2-CH2Cl
CH2-CCl-CH2-CHCl-CH2-CHCl
CH2-CHCl-CH2-CH2Cl
BB
VCM etc.
Fig. 7. 1,5-Backbiting mechanism generating a 2,4-dichloro-n-butyl branch.
CH2-CH Cl-CH2-CHClR +
CH2-CC l-C H2-CHCl CH2-CH Cl-CH-CHCl
CH2-C-CH2-CHC l
Cl
CH2
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CH2-CHCl-C-CH Cl
H
CH2
CH=CH- CHC l
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- ClVCM etc .
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Fig. 8. Formation of long chain branching (LCB).
CH2-CCl-CH2-CHCl-CH2-CH2Cl + CH2=CHCl CH2-CHCl-CH2-CCl-CH2-CHCl-CH2-CH2Cl
CH2CHCl
b a
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CH2CH2Cl
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Fig. 9. Diethyl branches.
OO
ClH
- HCl
O
Fig. 10. Dehydrochlorination induced by ,-unsaturated ketone structures.
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[57]. Poly(vinyl chloride) is a polymer which is very
sensitive to the weathering action and this restricts its
outdoor applications. This occurs mainly because of
changes in mechanical properties and color [58].
14.  Photodegradation  of  poly(vinyl  chloride)
There is a great interest at present in the photodegra-
dation of polymeric systems, and this is reflected in
the large number of research papers and other scien-
tific publications that appear each year in this subject
area. A major reason for this interest is that macro-
molecular materials have increasingly wide commercial
applications where outdoor durability is an important
consideration. In this context, all commercial organic
polymers will degrade in air when exposed to sunlight,
although there is a very wide range of photo-oxidative
susceptibilities. It is usually the absorption of near ultra-
violet (UV) wavelengths which leads to bond-breaking
reactions and the concomitant loss of useful physical
properties and/or discoloration [1]. Under UV irradia-
tion, and in the presence of oxygen and moisture, PVC
undergoes a very fast dehydrochlorination and perox-
idation process with the formation of polyenes [58].
Degradation also causes a drastic change in the mechan-
ical properties of the polymer, which is accompanied by
a decrease or increase in its average molecular weight
as a result of either chain scission or crosslinking of the
polymer molecules, respectively [42,59–61].
15.  Photooxidative  degradation  of  poly(vinyl
chloride)
Long term exposure to sunlight leads to the degra-
dation of plastic materials [62]. UV energy absorbed
by plastics can excite photons, which then create free
radicals. While many pure plastics cannot absorb UV
radiation, the presence of catalyst residues and other
impurities will often act as free radical receptors, and
degradation occurs. It only takes a very small amount
of impurity for the degradation to occur. In the presence
of oxygen, the free radicals form oxygen hydroperox-
ides that can break the double bonds of the backbone
chain leading to a brittle structure. This process is
often called photo-oxidation. However, in the absence
of oxygen there will still be degradation due to the
cross-linking process [63]. Poly(vinyl chloride) has poor
light stability in the wavelength range of 253–310 nm,
presumably due to the presence of unsaturated (C C)
bonds, carbonyl, hydroperoxide, and hydroxyl groups in
polymer chains. The relative activity of one or another
chromophore in initiating PVC photodegradation isersity for Science 9 (2015) 421–448
determined primarily by two factors: their ability to
absorb UV light in the wavelength range under consid-
eration and their participation in the formation of active
particles (radicals) which cause degradation of the poly-
mer chains. The alkene unsaturated (C C) bonds (both
internal and terminal) cannot be the primary initiators
of PVC photodegradation under the action of sunlight
with (λ  > 250) nm because they absorb only the UV light
at (λ  < 200) nm. The absorption by conjugated (C C)
bonds (dienes, trienes, etc.) shifts toward the longer
wavelengths [64]. The color changes from white to yel-
low, brown, and finally to black while the properties of
the material deteriorate [65].
The exposure of vinyl chloride polymers to light at
250–350 nm develops typical signs of degradation in
polymer samples [55]:
1. discoloration from natural to dark-brown or black,
2. surface cracking,
3. brittling or softening of the material,
4. variation of the mechanical properties (tensile
strength, ultimate elongation, impact strength, and
elasticity modulus),
5. change of transparency,
6. formation of a deposit on the material surface.
Degradation of PVC due to weathering is a free-
radical mechanism started by the absorption of sufficient
energy to break chemical bonds. Weak sites suscepti-
ble to degradation, as well as mechanisms of yellowing,
oxidation, bleaching and surface erosion, have been
investigated and described in several papers [66,67].
The photo-oxidation of PVC can be described by the
following sequence [68,69]:
1. Photolytic formation of polyenic sequences with
growing conjugation lengths by multistep photo-
chemical excitations. This photolysis can be initiated
by excitation of chromophoric defects with the struc-
ture of -chlorinated dienes. These reactions lead to
a marked discoloration and the so-formed polyenic
sequences are readily photo-oxidized in the pres-
ence of molecular oxygen; photobleaching is then
observed to occur.
2. Photochemical oxidation that can be initiated by Cl*
formed along with the polyenic sequences and that
leads to the formation of the following main products:
′, -dichloroketones, -chloro-carboxylic acid, and
acid chlorides.
3. Cross-linking of PVC by recombination of the in-
chain macroradicals.
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Fig. 13. Formation of PVC radical.
In the presence of the UV radiation, oxygen seems to
ttack the PVC chains randomly or on sites that are not
nvolved in the mechanism of thermal degradation [40].
When PVC is photolyzed in the presence of (O2), the
rimary photochemical processes occur (the excited sin-
let polyenes). Those excited states will thus disappear
y the different routes including the allylic (C Cl) bond
leavage with formation of (Cl•) radical and polyene
adical [I], Fig. 11.
The polyenyl radical [I] which bears no (Cl) atom in
he -position is very likely to be scavenged by (O2) to
ive peroxy radical [II], see Fig. 12.Rate constant measurement on related model com-
ounds suggest that peroxy radical [II] react with the
 CH2 ) and (CH Cl) groups on PVC at rates that are
H2C-CH
Cl
H2C-CH
O-O[II]
+
PVC
H2C-C
Cl
O-O
[V]
Fig. 14. Formation of -chlor
H2C-CH
Cl
+H2C-C
Cl
O-O
Fig. 15. Formation of hydrFig. 16. Formation of peroxide bridge.
comparable. The attack on (CH2) group yields radical
[III], Fig. 13.
This radical contributes to the chain-
dehydrochlorination of PVC. The attack of II on
the ( CH Cl) group yield radical [IV] which possesses
no labile -chlorine and is likely to react with (O2) to
give a -chloroalkyl peroxy radical [V], see Fig. 14.
The main oxidation products of PVC are expected to
result primary from the various reactions of this radical
[V], there are two major routes of the fate (disappear-
ances) of the -chloroalkyl peroxy radical. The hydrogen
abstraction from PVC with the formation of hydroper-
oxide groups, Fig. 15.
The bimolecular interaction, the later leads to the for-
mation of either a peroxide bridge (termination reaction),
see Fig. 16, the formation of alkoxy radicals [VI], Fig. 17.
The most usual reaction of alkoxy radicals [VI] is
the hydrogen abstraction. The unstable -chloroalcohol
formed by reaction of alkoxy radical with PVC will
rapidly decompose into the corresponding ketone,
Fig. 18.
+ O2H2C-CH
O-OH
H2C-C
Cl
+
[IV]
oalkyl peroxy radical.
H2C-C
O-OH
H2C-C
Cl
+
Cl
operoxide groups.
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H2C-C
Cl
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Fig. 17. Formation of alkoxy radicals.
Tertiary alkoxy radicals are also proved to be sta-
bilized by -scission which may involve either (C Cl)
bond cleavage to form ketone or/and (C C) bond cleav-
age to form polyene [70], see Fig. 18.
The overall mechanism now suggested for the
photooxidation of PVC to account for the main pri-
mary products can be summarized by the reaction
shown in Fig. 19, [71] where P• represents radical
∼(CH CH)n·CHCH2∼  or ∼CH2·CClCH2∼. The two
major chain process which develop simultaneously are
clearly apparent [72].
16.  Dehydrochlorination  of  poly(vinyl  chloride)
The dehydrochlorination most likely proceeds by a
chain mechanism involving radical intermediates [27].
The presence of hydrochloride, the reaction product, and
oxygen in the surrounding accelerates dehydrochlori-
nation. That is why it is worthwhile, first, to consider
the reaction of noncatalytic dehydrochlorination. Dur-
ing processing, storage and utilization, PVC degrades
as it is exposed to high temperatures, high mechanical
stresses or UV light. Degradation of the polymer occurs
by successive elimination of hydrogen chloride (HCl),
which is called dehydrochlorination [73], see Fig. 20.
The reaction of dehydrochlorination proceeds in PVC at
a noticeable rate in a high-temperature range 150 ◦C [5].
H2C-C
Cl
O[VI]
C
O
Hyd
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en
abs
trac
tion
H2C-C
Cl
OH
C
O
Fig. 18. Formation ofersity for Science 9 (2015) 421–448
17.  Oxygen  effect  on  dehydrochlorination
Dehydrochlorination is significantly accelerated in
the presence of oxygen [74]. This is connected to the
formation of oxygen-containing groups, which initiate
dehydrochlorination, see Fig. 21.
18.  Protection  against  environmental
degradation  in  polymers
Polymeric materials, synthetic, semisynthetic and
natural are photodegradable when exposed to the envi-
ronment [75–77], because of the fact that polymers are
not pure compounds. For example, they commonly con-
tain additives (e.g., stabilizers, pigments, fillers, finishing
agents, etc.) and impurities (e.g., oxidation products,
catalyst residues, etc.) which may very well influence
or even dominate the photochemistry of the polymeric
system [1].
Plastics are commonly protected against such deteri-
oration by the addition of antioxidants, light and heat
stabilizers [78]. Ultraviolet light stabilizers are used
widely in plastics, cosmetics, and films. The main pur-
pose of UV stabilizer is to prevent polymers from
photodegradation or photocrosslinking caused by ultra-
violet light presented in sunlight and artificial light
source [79].
Physical or chemical stabilization against envi-
ronmental degradation in polymers may be achieved
by blocking any of the steps in the deterioration
process. Since the effects of UV radiation are the most
serious threat to environmental durability, a number
of techniques have been developed to counter them.
UV radiation may be excluded by various coatings or
CH2-C-Cl
O
+ CH2-CH2
Cl
CH=CH
Cl
 ketone group.
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CH2-C-CH2-C
O H
CH2-C-CH2-C
O H
- HC l
CH2-C-CH=CH
O
gen on ClCl
Fig. 21. Effect of oxy
paints. Fillers such as carbon black may also be used
as screening agents, or the radiation may be absorbed
harmlessly by chemical agents which dissipate the
photon energy without chemical change. Radical
scavengers may be employed to terminate chain radicals
and halt the propagation steps, and various deactivators
are available that serve to stabilize the hydroperoxide
groups formed during photolytic oxidation (see Eqs. (1)
and (2)):
RH R H
hv
+
R + O2 ROOH
...............1
............... 2
The photostabilization of polymers may be achieved
in many ways. The following stabilizing systems have
been developed, which depend on the action of stabilizer:
light screeners, UV absorbers, excited state quenchers,
peroxide decomposers and free radical scavengers, of
these it is generally believed that excited state quenchers,
peroxide decomposers and free radical scavengers are
the most effective [6]. Most or, indeed all stabilizers are
believed to be multifunctional in their mode operation.
This view is complicated by the fact that the mechanism
involved in photo-oxidation and these, in turn depend
on the polymer structure and other variables, such as
manufacturing, operation, processing, conditions [80].
19.  How  to  avoid  UV  degradation
There are several ways of avoiding UV degradation
in plastics by using stabilizers, absorbers or blockers.
For many outdoor applications, the simple addition of
carbon black at around a 2% level, will provide the pro-
tection for the structure by the blocking process. Other
pigments such as titanium dioxide can also be effective.
Organic compounds such as benzophenones and benzo-
triazoles are typical absorbers which selectively absorb
the UV and re-emit at a less harmful wavelength, mainly
as heat. The benzotriazole type is good, as it has a low
color and can be used at low dose rates below 0.5%. The
other main mechanism for protection is to add a stabi-
lizer, the most common being a HALS (hindered amine
light stabilizer). These absorb the excited groups and
prevent the chemical reaction of the radicals. In practice,Cl
dehydrochlorination.
the various types of additives used are in combinations,
or are compounded into the original polymer to be pro-
duced as a special grade for UV protection. It may be
attractive to add antioxidants to some plastics to avoid
photo-oxidation, but care must be taken that the antioxi-
dant chosen does not act as an UV absorbent, which will
actually enhance the degradation process [81].
20.  Additives,  reinforcements  and  ﬁllers
Additives: are ingredients added to the polymer to sta-
bilize, modify or enhance its performance.
Stabilizers: are used to maintain the polymer’s strength,
flexibility and toughness; in other words, the attributes
of the polymer’s original molecular architecture.
Modiﬁers: improve/alter the polymer’s performance;
e.g., Slip Agents, Antistats, Antiblocks, Processing
Aids, Fillers.
Fillers: such as SiO2, CaCO3, Talc, or TiO2 are used to
improve physical properties, or dilute the matrix with
something less expensive than the polymer itself.
These substances change properties of polymers
and render them more adaptable and versatile. Poly-
mers make excellent matrices for reinforcing fibers (the
resultant composites are known as polymer–matrix-
composites, PMC) and excellent binders for pigments
such as TiO2 in paints.
Most additives fall into one of the following cate-
gories:
• Modiﬁers: such as plasticizers, nucleating agents,
clarifiers, impact modifiers, (e.g., rubber particles)
blowing agents, colorants and coupling agents.
• Stabilizers: including antioxidants, heat and UV stabi-
lizers, fire retardants, antistatic agents and fungicides.
• Processing  aids: lubricants, compatibilizers (e.g.,
Struktol in wood-plastic composites) reducers of melt
temperature/pressure, etc.
Care should be exercised in the usage of additives:
even the most useful additive can have detrimental
effects, for example, carbon black greatly reduces the
tracking resistance of a material and should be avoided
in electrical applications [82]. Combining several types
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f additives into synergistic “packages” is becoming
opular, also formulation of liquid systems, rather than
owder, for ease of mixing. The choice of additives must
lso be dictated by health and safety considerations.
uch work is underway to reformulate PVC additives
incidentally the largest % of additives are used in PVC)
o eliminate heavy metals such as lead, barium and cad-
ium.
1.  Factors  governing  choice  of  stabilizer
It is very important that the UV stabilizer (or com-
ination of UV stabilization) should be selected to suit
he exact application. It is therefore important to identify
here an end use product will be used and the required
urability. Other factors that affect the choice of UV sta-
ilization package include product dimensions, type and
olor of pigments present and application information
uch as food contact.
2.  UV  light  absorbers
A UV light absorber is a type of light stabilizer
hich functions by competitive absorption of the UV
ight energy, causing the photodegradation of a polymer
ormulation. The UV absorber competes with all chro-
ophores in the formulation and dissipates the absorbed
nergy as heat. The chromophores are UV light absorb-
ng chemical groups in the polymer formulation. These
ay include the polymer itself and other additives, such
s halogenated flame retardants, fillers, and pigments. In
ffect, the UV light absorber inhibits the first step in the
olymer photodegradation process, which is photoiniti-
tion. The UV light absorber can be used in combination
ith other types of light stabilizers which are designed
o inhibit the other, subsequent steps in the photodegra-
ation processes. Also, UV light absorbers may function
s UV screeners in plastics, coatings, and cosmetic sun-
creens to reduce or eliminate the transmission of UV
ight energy, protecting UV-sensitive substrates.
The factors involved in the effectiveness of the com-
etitive UV light absorption stabilization mechanism are
s follows:
1) The UV wavelength region causing photodegrada-
tion of the polymer formulation.
2) UV absorptivity of the polymer formulation in this
region.
3) UV absorptivity of the UV absorber in this region.
4) Thickness of the polymer.
5) Concentration and dispersion of the UV absorber.ersity for Science 9 (2015) 421–448 433
(6) Inherent light stability of the UV absorber.
(7) Permanence of the UV absorber.
(8) Chemical reactivity of the UV absorber in the pho-
todegradation process.
(9) The UV light and thermal exposure conditions of the
polymer formulation.
The optimum amount of UV absorber varies with
each chemical type and application, but in most cases
is in the 0.25–1.0% concentration range. Other factors
to consider while selecting the proper type and amount
of UV absorber are color contribution, FDA sanction
for food packaging applications, and, of course, add-
on cost. The UV absorbers are incorporated into plastic
substrates by dry blending, extrusion compounding, and
then conversion into the final product by various pro-
cesses such as injection molding, blown film extrusion,
multifilament spinning, and sheet extrusion. Also, UV
absorber dispersions can be prepared and dyed onto tex-
tile fabrics, which will not only UV-stabilize the polymer
substrate but also improve the color stability of the dyes
used to color the fabric. The use of UV absorbers as
UV screeners is practiced in a multitude of applications,
such as sunglasses, interocular lenses, auto windshield
films, solar control glazing films, photographic products,
greenhouse films, product packaging, and cosmetic sun-
screens. In each application, the polymer type, the UV
absorber type, the thickness of the plastic product, and
the concentration of the UV absorber need to be con-
sidered to meet the reduced UV percentage transmission
requirements of the application [83].
23.  UV  stabilization  mechanisms  and  strategies
The initial emphasis in light stabilizer development
was the inhibition of the photoinitiation processes. This
UV stabilization strategy consisted of the incorporation
of additives into the polymer or coating formula-
tion, which either absorbed UV light energy or acted
as quenchers of the photoexcited states of the chro-
mophores. In the former case the UV absorber competes
with the chromophores for the harmful UV light energy,
which is preferentially absorbed by the UV absorber
and dissipated harmlessly as heat [1]. In this competi-
tive absorption mechanism, the UV absorber must have
relatively high absorptivity at the wavelengths of UV
light to which the polymer is photosensitive (activation
spectra maxima). In the latter case, the quencher returns
the excited states to ground states by energy transfer
processes. In both cases, radical formation is inhibited
and the outdoor service life of the polymer is extended,
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depending on the efficiency of these stabilization pro-
cesses.
Also, light stabilizers have been developed to inhibit
the subsequent oxidative processes by radical scaveng-
ing and hydroperoxide decomposition mechanisms. In
these processes, the light stabilizer molecules undergo
chemical reactions with the propagating intermediates
in the polymer photo-oxidation processes. In some cases
the light stabilizer is gradually consumed and in others
the stabilizing chemical groups are regenerated to some
degree in the stabilization process. This latter process has
been used to explain the effectiveness of HALS [84–86].
The third strategy is to combine a UV absorber with
a radical scavenger or a hydroperoxide decomposer
to provide more efficient and sometimes synergistic
UV-stabilizing activity. Also, effective combinations of
radical scavengers and hydroperoxide decomposers have
been reported [87]. And finally, as part of a total sys-
tem strategy, melt-processing antioxidants can be added
to the polymer formulation to minimize the formation
of UV-absorbing chromophores from thermal oxidation
during thermal processing.
Light stabilizers need to satisfy a number of tech-
nical, as well as commercial, requirements. Technical
requirements include:
(1) strong, broadband UV absorption (for UV
absorbers),
(2) high inherent stability to UV light energy,
(3) good solubility–migration balance in the polymer
substrate,
(4) low volatility and extractability,
(5) low color and odor,
(6) minimum adverse interactions with other system
components, and
(7) good storage stability.
In addition to the primary light stabilization
functional group, substituents are used to fine-tune per-
formance as follows:
1. To vary the molecular weight to change the volatility,
solubility–migration balance, and extractability.
2. To vary the chemical reactivity of the functional
group.
3. To enhance the UV absorption or the inherent light
stability.
4. To add a reactive group to achieve permanence.Fig. 22. Carbon black particles.
24.  Light  stabilizers  for  plastic  materials
To provide an appropriate protection against UV
radiation, several stabilizing systems can be utilized in
plastic materials. The most important types of light sta-
bilizers are ultraviolet light absorbers, energy transfer
agents or quenchers, as well as hindered amine light
stabilizers. A brief description of these different light
stabilizers is given below.
24.1.  UV  light  absorbers
Absorbers convert harmful ultraviolet radiation to
harmless infrared radiation or thermal energy, which
is dissipated through the polymer matrix. They can be
either transparent as hydroxybenzophenone or opaque
like carbon black.
24.1.1.  Carbon  black
The most common type of UV protection for poly-
meric products is carbon black. Carbon black is a
particulate form of industrial carbon; it consists of very
fine particles (the prime particles) fused together to form
the primary aggregates. The microstructure of the carbon
black is illustrated in Fig. 22.
The UV absorbing efficiency of the carbon black is
governed by the average prime particle size and structure.
Primary aggregates composed of finer prime particles
present greater surface area for optical absorption than
the primary aggregates composed of larger prime parti-
cles. Thus, UV absorption increases as prime particle
size decreases. However, with prime particles below
20 nm the UV stabilizing efficiency tends to level off
as light scattering becomes more significant with further
decrease in particle size [88]. The carbon black particle
size used for UV protection of polymers used for geosyn-
thetics is typically in the range of 22–25 nm. Typical
applications for carbon black as a UV stabilizer in plas-
tics are exterior pipe, polyolefin agricultural film, pond
linings, automotive parts and exterior cable jacketing
(PVC, PE, etc.).
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stabilized. Energy transfer can occur efficiently only if
the energy level of the quencher is below that of the
chromophore [91].
Ch Chhv Ch + Q
Q **E. Yousif, A. Hasan / Journal of Taib
4.1.2.  Titanium  dioxide
For non-black polymeric materials, UV screeners are
dded to protect the polymer from UV degradation. Sim-
lar to the carbon black, UV screeners work by absorbing
V light, dissipating the energy harmlessly as heat. The
ost widely used non-black UV screener is TiO2. Tur-
on and White [89] showed that the addition of 1% TiO2
an significantly reduce the degradation of PP using a
V-fluorescent condensation device. Furthermore, they
ound the UV degradation of PP to be lower in samples
ith TiO2 than HALS stabilizers. Another group of UV
creeners are non-colored.
4.1.3.  Hydroxybenzophenone  and  hydroxyl  phenyl
enzotriazole
These well-known UV absorber types offer the
dvantage of being suitable for natural or transparent
pplications. To provide a good protection to the plas-
ic material, a certain absorption depth is needed (part
hickness) which makes these absorbers inefficient in
hin items such as films (below 100 m), fibers or tapes
90].
4.2.  Excited  state  quenchers
One approach to imparting long-term outdoor stabil-
ty to polymeric systems is to add to them small amounts
f compounds which will quench the electronic excita-
ion energy associated with specific chromophores as a
esult of photon absorption. Carbonyl groups, hydroper-
xides and singlet molecular oxygen (or its precursors)
re chromophores commonly believed to be involved in
he photodegradative mechanisms for numerous hydro-
arbon polymers [1].
This type of light stabilizer functions by bringing
excited’ state polymer molecules (chromophores) back
o their stable state, preventing bond cleavage and finally
ormation of free radicals. If the energy could be trans-
erred to a molecule and dissipated harmlessly, radicals
ould not be formed. The nickel chelates have been
eported to act primarily as excited state quenchers [91].
Singlet oxygen can be quenched with certain additives
ut there is no evidence that it is a major contribution
o the photooxidation of any polymer. Efficient photo-
tabilization of hydrocarbon polymers really requires
eroxide decomposition and radical scavenging [1].Most
ickel UV stabilizers also have been found to provide
ydroperoxide decomposing or radical scavenging activ-
ty. The nickel chelates usually add tan or green color
o the polymer system. They perform better than UV
bsorbers in thin cross sections and in highly pigmented
ystems.Fig. 24. [2,2-Thiobis(4-octylphenolato)]-n-butylamine nickel(II).
Nickel di-butyldithiocarbamate (Rylex NBC),
Fig. 23, was introduced in the late 1950s. It had
many drawbacks, such as high color contribution and
volatility, but was a potent light stabilizer. It functioned
mainly through hydroperoxide decomposition.
[2,2-Thiobis(4-octylphenolato)]-n-butylamine
nickel, see Fig. 24, (CYASORB® UV-1084 Light
Stabilizer) was introduced in the early 1960s. This
product continues to be used extensively in agri-
cultural film applications, where its main advantage
is resistance to deactivation by pesticides and soil
fumigants, while providing good light stability. It is
used alone in white on black mulch film products.
Also, it is used in combination with 2-(2-hydroxy-4-
octyloxyphenyl)benzophenone (CYASORB® UV- 531
light absorber) in greenhouse film products usually at a
2:1 ratio.
The excited state of a chromophore (Ch), Fig. 25,
may revert to the ground state by some photophysical
process(es) or it may react but it can also be made to
transfer its excess electronic energy to a quenching entity
(Q).
If energy transfer to the quencher can compete with
reaction, decomposition etc. by Ch, and if Q can dis-
sipate the excess energy harmlessly, then the system isQ
Ch rea cti on
Fig. 25. Excited state quenching.
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H3CFig. 26. Photodegradation of hydrocarbon polymers.
Quenching of electronically excited states (singlets or
triplets) is frequently described in terms of two distinct
phenomena:
• Long-range energy transfer, e.g., a dipole/dipole inter-
action as described by Forster is considered to operate
between the chromophore and quencher even at dis-
tances >50 Å if there is significant overlap between
the emission spectrum of Ch* and the absorption
spectrum of Q. [91] It has been suggested [92] that
this process is normally observed in the quenching of
excited singlet states.
•  Contact (collisional) energy transfer of various kinds
is said [93,94] to require that Ch* and Q be within
10–15 Å.
In practice, the quenching of excited triplets is usually
ascribed to collisional transfer. A number of questionable
assumptions are made about the stabilization of poly-
mers by additive quencher during outdoor exposure. For
example, it is a mistake to assume that polymer stability
will invariably be enhanced by quenching a particular
chromophore unless there is unambiguous mechanis-
tic evidence about the importance of that chromophore
in key photoprocesses. Furthermore, it is frequently
assumed that additives in macromolecular systems will
be evenly distributed, and this would seem to be very
unlikely.
Fig. 26 illustrates the types of reactions which occur
in the photodegradation of hydrocarbon polymers. The
potential applicability of quenching stabilizers is also
indicated.
24.3.  Hindered  amine  light  stabilizers  (HALS)
Hindered amine light stabilizers (HALS) have been
well recognized for more than 25 years to be the most
proficient UV stabilizers for a large number of polymers.
This is particularly true for the protection of polyolefinsFig. 27. HALS ring structure.
against the degradative effects of light energy. The pro-
tective effects of HALS has enabled the growing use of
polypropylene (PP) in the automotive industry. The main
protective effect is the strong improvement in light stabil-
ity achieved with the use of HALS. These stabilizers also
impart thermal stability to plastics at temperatures below
130 ◦C. Although there are wide structural variations
in commercial HALS products, all share the 2,2,6,6-
tetramethylpiperidine ring structure, Fig. 27.
The nitroxide radical of this cyclic amine is the actual
active light stabilizer. The nitroxide radical is generated
in situ by photo-oxidation and photohydrolysis, depend-
ing on the substituent on the nitrogen atom [95–97]. The
kinetics of nitroxide generation and consumption in coat-
ing matrices has been studied by electron spin resonance
(ESR). Nitroxide consumption in coatings has been used
to measure photoinitiation rates for photo-oxidation. In
a sequence of reactions known as the Denisov Cycle, the
nitroxide radical combines with other radical species in
the coating matrix to form amino ether intermediates,
which further react with radical species to regenerate
the nitroxyl radical and form non radical chemical by-
products. Thus the piperidinyl nitroxide radical may be
thought of as a catalytic radical scavenger [98,99]. The
Denisov Cycle is shown in Fig. 28.
Concurrently, the influence of structural, chemical,
and physicochemical characteristics of HALS has been
understood and improvements in their performances
made. These advancements have led to several gener-
ations of HALS intended to cover a wide variety of
applications. With these improvements, the confidence
in the correlation between accelerated and outdoor
weathering has grown, thus reducing the time necessary
for evaluation and approval of new stabilizing products
and systems. The consequence of this continuous
growth in knowledge has been the appearance on the
market of several generations of HALS, which can be
historically summarized as follows: first generation-
monomeric HALS, second generation-polymeric
HALS, third generation-noninteractive HALS and fourth
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ions [100–102].
2,2,6,6-Tetramethyl-4-oxy-piperidine N-oxyl (also
nown as N-Oxyl TAM), Fig. 29, was synthesized [103],
nd found to be effective as a light stabilizer in plastics
104]. However, the molecule had a low melting point,
ad limited thermal stability, imparted color to sub-
trates, and was highly migratory. Further improvements
ere needed. Subsequent studies led to the discovery
hat the amine analogs of the N-oxyl compounds were
ighly active as stabilizers, with fewer undesirable side
eactions [105].
5.  Other  light  stabilizer  typesIn addition to UV absorbers, excited state quenchers
nd HALS, other types of UV stabilizers which inhibit
N
O
O
Fig. 29. 2,2,6,6-Tetramethyl-4-oxy-piperidine N-oxyl.ctivation and radical scavenging.
degradation processes subsequent to photoinitiation are
used. These include hydroperoxide decomposers, radical
scavengers and pigments.
25.1.  Hydroperoxide  decomposers
Hydroperoxides were found to be a key UV absorb-
ing chromophore and an intermediate in the thermal and
photooxidative mechanisms of many polymers. Reduc-
ing the hydroperoxide to a stable alcohol before it
was thermolized or photolized into radical fragments
was recognized to be very beneficial to polymer sta-
bilization. Phosphites, nickel dithiocarbamates, cobalt
dithiophosphinates, amidothiophosphates, and nickel
thiobisphenolates, (CYASORB® UV-1084 Light Sta-
bilizer) Fig. 24, all are capable of decomposing
hydroperoxides, and provide a significant amount of
light stabilizing activity.
Since hydroperoxides are decomposed by heat and
light to generate radicals which feed the degrada-
tion processes, it is essential that they be decomposed
into nonradical products. Phosphites, such as di-
stearyl pentaerythritol diphosphate (Weston 618), see
Fig. 30, and sulfur compounds, such as nickel dibutyl
C18H37
O P
O
O
C18H37
OP
O
O
Fig. 30. Di-stearyl pentaerythritol diphosphate.
438 E. Yousif, A. Hasan / Journal of Taibah University for Science 9 (2015) 421–448
HO
OC16H33
O OHO
scavenge some or even all available low-molecular
• • • •Fig. 31. 3,5-Di-tert-butyl-4-hydroxybenzoic acid, hexadecyl ester.
dithiocarbamate (Rylex NBC), provide this function and
both provide UV-stabilizing activity in polyolefin formu-
lations. Phosphites usually are used in combination with
other UV stabilizer types.
25.2.  Radical  scavengers
Free radicals play a central role in a variety of chemi-
cal processes. The lack of methods with which to detect
and identify very low concentrations of free radicals in
condensed phases presents a major obstacle to under-
standing the impact of these highly reactive species on
chemical and biological processes. Direct detection of
radicals by electron paramagnetic resonance (EPR) or
optical spectroscopies is generally not possible because
of high reactivity or low steady-state levels of these
species. More often, radicals are detected indirectly
by employing radical traps or scavengers which react
rapidly with transient radicals to form more stable prod-
ucts [106,107].
Reacting with the radicals generated from the excited
states before they would react with oxygen or reacting
with the peroxide radicals before they would abstract
a hydrogen from the polymer would certainly be ben-
eficial to the stabilization process. Hindered phenolic
antioxidant radical scavengers developed for thermal
stabilization of polymers were found to offer very
little light-stabilizing activity. However, the unique hin-
dered benzoate class of radical scavengers was soon
discovered. The aliphatic benzoate n-hexadecyl 3,5-di-
tert-butyl-4-hydroxybenzoate (CYASORB® UV-2908
Light Stabilizer), Fig. 31, does not photorearrange [108]
to a benzophenone UV absorber, but does offer superior
light stabilizing activity, alone or in combination with
other classes of stabilizers [109,110].
Although HALS are recognized as one of the great-
est advances in light stabilizer technology, their basicity
and reactivity limits their use in many applications.
Some examples are acid-catalyzed, cross-linked, auto-
motive coatings. Aliphatic benzoates can be substitutedOC8H17
Fig. 32. 2-Hydroxy-4-n-octyloxybenzophenone.
as radical scavengers in such applications where HALS
cannot be used [111].
The UV stabilization of blue, V-2 flame-retardant
stadium seating was approached on the basis of the
pigment and FR type. A benzophenone, 2-hydroxy-4-
n-octyloxybenzophenone (CYASORB® UV-531 light
absorber), Fig. 32, was used at 0.5% to keep the blue
pigment from fading and the aromatic bromine portions
of the FR stable against UV radiation.
25.3.  Pigments  and  ﬁllers
Other factors such as product cross-section and opac-
ity affect UV stabilizer effectiveness, depending upon the
chemical type and mechanism of action. In fact, carbon
black and many white pigments, such as rutile titanium
dioxide and zinc oxide, at sufficient concentration levels
can limit the penetration of UV light energy, providing
high levels of UV stabilization. In other situations, unfa-
vorable interactions between pigments, fillers, and UV
stabilizers result in reduced light stability.
The influence of pigments in polymer photostability
is not completely understood. If an absorbing pigment
is introduced into a polymer, it acts as an inner screen
for photo products. If these products are not photoox-
idized, they accumulate in the polymer matrix. Since
pigments act as highly absorbing additives, photooxida-
tive phenomena will be limited mainly to the surface of
samples [112,113].
25.4.  Antioxidants
Antioxidants are added to the polymer to prevent
free radical chain reactions, particularly in the polyolefin
products [114].
Antioxidants are generally classified into two groups,
according to their protection mechanism:
• Kinetic chain-breaking antioxidants (chain termi-
nators, chain scavengers). They have capability toradicals (R , RO , ROO , HO , etc.) and polymeric
radicals (P•, PO•, POO•) by a process called a chain-
breaking electron donor mechanism.
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Based on the previous research results [115], the
ervice lifetime of polyolefin geomembranes is initially
overned by the consumption of antioxidants. The rate of
ntioxidant depletion is significantly faster under photo-
xidation than under thermooxidation. In recent years,
he most common type of antioxidant for light stabiliza-
ion is hindered amine light stabilizers (HALS), which is
ften called the light stabilizers. The UV degradation of
nstabilized and HALS-stabilized PE and PP has been
tudied by many researchers [116,117].
For PVC, antioxidants are added to suppress the
ip-elimination and oxidation reactions [118,119].
egarding PET and PA, antioxidants are not commonly
ncorporated into the formulation for geosynthetic prod-
cts since they are less susceptible to oxidation.
Fig. 33 shows the two major anti-oxidant mecha-
isms. The chain breaking donor (CB-D) and chain
reaking acceptor (CB-A). Also an antioxidant can act
y preventive inhibition processes [24,120].
6.  Stabilization  of  poly(vinyl  chloride)
It is well known that all commonly used plastics
egrade under the influence of sunlight and that is why
he photostability of polymers is one of their most impor-
ant properties. As a possible way to solve the problem of
olymer stabilization, a number of different stabilizers
ave been successfully used [29,121].
Organic UV-stabilizers, generally with small molecu-
ar weight, include fluorescent compounds, phenyl-ester
f benzoic acid, hydroxylbenzophenone, benzotriazoles,
tc. In the addition of these stabilizers to plastic
aterials, problems such as migration, incompatibility,
olatility, and solvent extraction will inevitably occur.
t leads to a strong diminution of the materials utiliza-
ion. To resolve such problems, many approaches have
een developed, such as preparing reactive UV stabilizerFig. 34. Schiff base compound containing 1,3,4-thiadiazole ring.
[6,26], introducing compatible side chains, or chemically
anchoring of the additive to the polymer backbone, etc.
[15]. Among these methods, preparing high molecular
weight UV stabilizer is a highlight because, for most
of the polymer materials, blending is the first choice to
enhance their UV-resistance. Meanwhile, different high
molecular weight UV-stabilizers can be prepared by the
copolymerization of a reactive UV-stabilizer with other
monomers.
In outdoor applications where the materials are
exposed to UV solar radiation, the energy of this radi-
ation is sufficient to initiate photochemical reaction
leading to degradation.
Ultimate user acceptance of the PVC products for
outdoor building applications will depend on their ability
to resist photodegradation over long periods of sunlight
exposure. To ensure weatherability, the PVC resin needs
to be compounded and processed properly using suitable
additives, leading to a complex material whose behavior
and properties are quite different from the PVC resin by
itself [122].
A number of heterocyclic compounds includ-
ing polydentate amines, crown ethers, bipyridines,
naphthyridines, 2-aminobenzothiazol and 2-
mercaptobenzothiazole have been bound with mainly
polystyrene divinylbenzene copolymers or linked with
poly(vinyl chloride) [70,123].
Recently, scientists have used substituted benzoth-
iazole and benzimidozole ring [70] as photostabilizers
for rigid PVC. They have also used 1,3,4-oxadiazole
and 1,3,4-thiadiazole derivatives as novel photostabiliz-
ers for rigid PVC [124] and some synthesized organic
compounds as N-substituted maleimides, N-phenyl
pyrazolone, phenylurea, some glucoside derivatives, and
other organic compounds to be used as photostabilizers
for PVC [125–128].
Yousif et al. have Investigated the photostabilization
of PVC films by Schiff bases compounds containing
four 1,3,4-thiadiazole rings [29]. The structure of these
additives are shown in Fig. 34.Schiff base stabilize PVC by different mechanisms
such as UV absorber, screener or by radical scavenger.
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Fig. 35. Mechanism of photostabilization of 1,3,4-thiadiazole as UV
doacetic acid complexes in PVC polymer, see Fig. 41.
These additives stabilize the PVC films through HClabsorber.
These stabilizers provide very good long-term stability
and are usually referred to these mechanisms.
The rings of 1,3,4-thiadiazole play a role in the mech-
anism of the stabilizer process by acting as UV absorber
[124]. The UV light absorption by these additives con-
taining 1,3,4-thiadiazole dissipates the UV energy to
harmless heat energy, Fig. 35.
The most probable mechanism involved in a photo-
stabilization is the change energy of absorbed photon
to the intramolecular proton transfer. This reaction may
occur by two proposed cycles, Figs. 36 and 37. The
first passes by intersystem crossing (ICS) process to
the excited triplet state, while the second is referred to
internal conversion (IC) process to the ground state.The hydroxyl group of the additive might act as rad-
ical scavenger for photostabilization process. Therefore
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Fig. 36. Mechanism of photostabilization of PVC through absorpersity for Science 9 (2015) 421–448
this Schiff bases, besides acting as UV absorber they
may also act as radical scavenger additives, Fig. 38.
Other mechanism explains the use of this compound
as photostabilizer is by charge separated species which
could be a form of the excited state such a structure would
allow dissipation of energy through rotation on increased
vibration about the central bond [129] as shown in
Fig. 39.
The 1,3,4-thiadiazole ring has two different atoms of
different electronegativty such as nitrogen and sulfur.
The polarity of this ring explains the attraction between
the stabilizer and PVC, Fig. 40.
The synthesis of polymer-bound chelating ligands
and the selective chelation of specific metal ions is a
field of active research [121]. Metal chelate complexes
generally known as photostabilizers for PVC through
both peroxide decomposer and excited state quencher.
Yousif et al. had reported the photostabilizing effect
of diorganotin(IV) complexes of the ligand benzami-scavenging, UV absorption, peroxide decomposer and
radical scavenger mechanisms [11].
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tion of UV light and dissipation light energy as heat (IC).
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Tin carboxylates stabilize PVC by two mechanisms,
epending on the metal. Strongly basic carboxylates,
hich have little or no Lewis acidity, are mostly HCl
cavengers, Fig. 42.
IR spectroscopy has shown that metals carboxylates
ssociate with PVC molecules at the surface of primary
articles and are, consequently, very effective in the
ubstitution of allylic chlorine. In this mechanism, the
tabilizer is classified as a primary stabilizer. It has been
ostulated that metals stabilizers associate with chlorine
toms at the surface of PVC primary particles which
xplains their high efficiency in PVC stabilization [130],
ig. 43.
Metal chelate complexes generally known as photo-
tabilizers for PVC through both peroxide decomposer
nd excited state quencher. Therefore, it is expected that
hese complexes act as peroxide decomposers through
he following proposed mechanism, Fig. 44.
The effect of the tetradentate ligand [H2L]
f the N2O2 type, N{2[3(1-carboxyiminoethyl)-1-
henyl]butilydene-2-amino propionic acid}, and its
etal complexes with Cr(III), Fe(III), Cu(II) and Zn(II),
ig. 45, on the photodegradation of poly(vinyl chloride)ion of UV light and dissipation light energy as heat (ICS).
films blended with a concentration range of 2–2.5% by
weight of this complex was investigated [131].
It has been found that Cr(III) and Fe(III) chelates
enhanced the ratio of C C cleavage via depression in the
average molecular weight Mw of the studied PVC films.
However the Zn(II) chelate increased the photostabiliza-
tion of the polymer via lowering of the quantum yield
φcs of the scissions and indices of carbonyls, hydroxyls
and polyenes.
The photostabilization of PVC was studied using
a new four heterocyclic compounds containing 1,3-
oxazepine and 1,3,4-oxadiazole, see Fig. 46.
These compounds stabilize PVC by different mech-
anisms such as UV absorber, screener or by radical
scavenger. These stabilizers provide good long-term sta-
bility and are usually referred to these mechanisms. The
most probable mechanisms involved in a photostabiliza-
tion is the hydroxyl group of the additive might acts as
radical scavenger for photostabilization process. There-
fore this Schiff bases, besides acting as UV absorber may
also act as radical scavenger additives [122].
Methyl methacrylate–butadiene–styrene (MBS) ter-
polymer has been developed for improving impact
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Fig. 38. Mechanism of photostabilization of PVC (radical scavenger).
resistance of PVC [132]. It also acts as a processing aid.
The MBS resin is a graft polymer of styrene and methyl
methacrylate onto the butadiene-styrene rubber, and it
has a characteristic shell/core structure, which consists of
a styrene-butadiene core and styrene-methacrylate shell
that is compatible with PVC.
The influence of methyl methacrylate–butadiene–
styrene copolymer (MBS) on poly(vinyl chloride) (PVC)
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G
hv
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S
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+
heat
Fig. 39. Mechanism of photostabilization of PVC through absoFig. 41. Diorganotin(IV) complex.
photodehydrochlorination and photooxidative degrada-
tion was investigated by UV–vis, FTIR and fluorescence
spectra. It was found that MBS decelerates PVC pho-
todehydrochlorination and photocrosslinking; the effect
is caused by the fact that the Cl radicals react with H
atoms at tertiary atoms in polystyrene of MBS and initi-
ate the depolymerization of the PMMA chains of MBS,
then leads to reinitiation of PVC dehydrochlorination
[133].
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Polymer modification can influence the properties of
the macromolecule [134]. Recently, scientists does able
to modified PVC by introduction aromatic and hetero-
cyclic moieties through halogen displacement reaction.
PVC, thus modified, showed improved overall pho-
tochemical stability and optical properties. The facial
chlorine displacement from PVC indicated the possi-
bility on easy anchoring of ligands to PVC matrix. In
view of paucity of any information on PVC in this line,
we undertook the synthesis of PVC-heterocyclic com-
pounds.
The influence of introducing benzothiazole and ben-
zimidazole as a pending groups into the repeating unit
of PVC has been studied on the bases of photostability
measurements.
Yousif et al. prepared five modified polymers by the
covalent modification of commercial PVC with benzoth-
iazole and benzimidazole binding units.
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through energy transfer and forming unreactive charge transfer and
stabilize through resonating structure.
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absorber.
These polymers also function as radical scaven-
gers through energy transfer and by forming unreactive
charge transfer complexes between the modified poly-
mers and excited state of the chromophore (POO•) and
stabilize through resonating structures, Fig. 47.
The UV light absorption by these polymers contain-
ing these heterocylic units dissipates the UV energy to
harmless heat energy, Fig. 48.
27.  Conclusion
In recent years, the use of polymeric materials has
rapidly increased but it is well established that rapid pho-
todegradation of these materials is possible when they
are exposed to natural weathering.
This review was talk about the photostabilization
and the effect of UV. Light on the photodegradation of
poly(vinyl chloride). The “hydroperoxide” (POOH) is
the most important initiator in the photooxidative pro-
cess.
So most of the common polymers used in such appli-
cations contain photostabilizers to reduce photodamage
and to ensure acceptable life times under outdoor expo-
sure conditions. The photostabilization of polymers may
be achieved in many ways. The following stabilizing sys-
tems have been developed, which depend on the action
of stabilizer: light screeners, UV absorbers, excited-state
quenchers, peroxide decomposers, and radical scaven-
gers; of these, it is generally believed that excited-state
quenchers, peroxide decomposers, and radical scaven-
gers are the most effective.
However photoproduction will be enhanced if the
additives can decompose OOH, and possibly act as
quenchers of some exited state in the early stages of the
photodegradation.
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